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Co  obtain  a third  order  IMP  at  the  frequency  2f- 


W uuuaiu  at  Liir.ru  viuci  Jin  at  luc  iicr|ucuby  t-L  ry  — L ^ — 10  MHz . The  Objective 

of  the  experiment  was  to  determine  If  a significant  reduction  In  this  third 
order  IMP  could  be  obtained  by  connecting  properly  designed  compensating 
networks  to  the  basic  RF  amplifier  stage. 

A linear  model  for  the  basic  RF  amplifier  stage  was  developed.  This 
model  yielded  calculated  results  that  were  in  relatively  good  agreement  with 
measured  results  for  the  magnitude  and  phase  of  the  linear  transfer  function 
VOUT/VIN. 

Using  the  linear  model  for  the  basic  amplifier  stage,  compensating  net- 
works were  synthesized.  The  computer  program  NCAP  and  the  synthesis  procedure 
predicted  that  a 20  dB  reduction  would  be  obtained  in  the  value  for  the  third 
order  IMP  at  2f2  - f,  ■ l\)  MHz.  When  the  compensating  networks  were  connected 
to  the  basic  RF  amplifier  no  significant  reduction  In  the  third  order  IMP  at 
2f2  - fj  ■ 10  MHz  was  observed  experimentally.  A complete  discussion  of  the 
results  are  presented.  \ 
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telephone  Autovon  587-2543,  Commercial  (315)  330-2543. 

This  work  was  performed  as  part  of  a larger  effort  aimed  at  reducing 
electromagnetic  Interference  (EMI)  effects,  l.e.  reducing  nonlinear  effects 
In-band  by  modifying  the  linear  out-of-band  response.  The  responsible  person 
at  SUNY  at  Buffalo  was  Dr.  James  J.  Whalen.  Mr.  Carmen  A.  Paludl,  Jr.  was  the 
project  engineer  at  RADC. 
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millimeter  wave  frequencies  In  the  areas  of  low  temperature  spectroscopy, 
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ABSTRACT 


An  experimental  Investigation  was  undertaken  to  determine  If  a procedure 
previously  reported  upon  for  reducing  third  order  Intermodulatlon  Products 
(IMP's)  In  an  RF  amplifier  stage  could  be  Implemented  In  the  laboratory.  The 
third  order  IMP  reduction  procedure  Is  based  upon  altering  the  RF  amplifier 
linear  out-of-band  response  by  adding  passive  compensating  networks.  For  the 
experiment,  a RF  amplifier  tuned  at  10  MHz  was  selected.  The  RF  amplifier 
was  excited  by  two  CW  signals  at  frequencies  fj  ■ 9.0  MHz  and  f?  ■ 9.5  MHz 
In  order  to  obtain  a third  order  IMP  at  the  frequency  2f?  - f^  ■ 10  MHz.  The 
objective  of  the  experiment  was  to  determine  If  a significant  reduction  In 
this  third  order  IMP  could  be  obtained  by  connecting  properly  designed  com- 
pensating networks  to  the  basic  RF  amplifier  stage. 

A linear  model  for  the  basic  RF  amplifier  stage  was  developed  for  the 
frequency  range  f?  - f^  to  2fg.  By  Including  parasitic  effects  associated  with 
passive  components  and  modifying  the  transistor  parameter  values,  the  model 
for  the  RF  amplifier  yielded  calculated  results  that  agreed  with  experimental 
results  within  4 dB  or  less  In  magnitude  and  40*  or  less  In  phase  for  the 
linear  transfer  function  VOUT/VIN. 

Using  the  linear  model  developed  for  the  basic  RF  amplifier  stage,  com- 
pensating networks  were  synthesized.  The  computer  program  NCAP  predicted 
that  a 20  dB  reduction  would  be  obtained  In  the  value  for  the  third  order  IMP 
at  2fg  - fj  ■ 10  MHz.  When  the  compensating  networks  were  connected  to  the 
basic  RF  amplifier  stage  In  the  laboratory,  little  (If  any)  reduction  In 
the  third  order  IMP  at  2fj  - fj  ■ 10  MHz  was  observed  experimentally.  The 
Important  compensating  element  values  were  varied  up  to  ♦ 25%  about  the 
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nominal  design  value.  Again  no  significant  reduction  In  the  third  order  IMP 
at  2 f2  - ■ 10  MHz  was  observed  experimentally. 

The  malr  .eason  why  the  third  order  IMP  reduction  scheme  Investigated 
did  not  yield  the  20  dB  reduction  predicted  by  NCAP  appears  to  be  that  the 
synthesis  procedure  used  to  determine  compensating  network  component  values 
depends  critically  upon  the  accuracy  of  the  linear  model  developed  for  the 
basic  RF  amplifier  stage.  A rudimentary  analysis  suggests  that  a linear  model 
for  the  basic  RF  amplifier  stage  may  have  to  be  developed  that  can  predict 
magnitude  response  within  + 0.3  dB  and  phase  response  within  + 2°  over  the 
frequency  range  f2  ~ ^ to  2fg.  Thus  a significant  Improvement  In  modeling 
capability  appears  necessary.  In  particular,  a significant  Improvement  In 
models  for  the  passive  components  such  as  resistors,  capacitors,  and  Inductors 
used  In  the  basic  RF  amplifier  stage  must  be  achieved.  Parasitic  elements 
such  as  lead  Inductance,  fringing  capacitance,  and  series  and/or  shunt  resis- 
tances must  be  modeled  carefully  and  accurately  over  the  frequency  range 
^2  " ^1  *°  2^2  typically  be  many  octaves).  In  addition.  It  also  may 

be  necessary  to  model  Printed  Circuit  Board  (PCB)  wiring  effects  such  as  the 
distributed  capacitances  and  Inductances  In  two  wire  systems  and  the  mutual 
capacitances  and  Inductances  in  multi -wire  systems.  Efforts  to  develop  Im- 
proved models  In  these  two  areas  are  recomnended.  When  Improved  modeling 
techniques  have  been  developed  that  accurately  account  for  parasitic  effects 
In  passive  components  over  the  frequency  range  1 to  1000  MHz  and  for  distri- 
buted effects  associated  with  mu! tl -conductor  PCB  wiring.  It  would  be  appro- 
priate to  synthesize  new  passive  compensating  networks  to  reduce  the  third 
order  IMP  In  the  RF  amplifier  stage  and  to  make  another  attempt  to  determine 
how  well  the  new  networks  perform  experimentally. 
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SECTION  1 


v Introduction 

An  Important  Interference  problem  in  communications  receivers  Is  the  one 
caused  by  third  order  intermodulatlon  product  (IMP)  effects.  One  way  In  which 
3rd  order  IMP'S  may  cause  Interference  In  a receiver  Is  Illustrated  In  Flg.l. 

The  receiver  shown  In  Fig.  1 consists  of  an  RF  stage  tuned  at  10  MHz  with 
an  RF  passband  of  + 1 MHz  followed  by  a mixer  stage  driven  by  a local  oscil- 
lator (LO)  stage.  The  LO  signal  frequency  Is  10  MHz  plus  the  IF  frequency. 

A typical  IF  frequency  might  be  If  of  the  frequency  to  which  the  RF  stage  Is 
tuned.  (For  the  receiver  shown  In  Fig.  1,  the  IF  frequency  might  be  0.1  MHz.) 
The  output  of  the  mixer  stage  Is  the  Input  to  the  tuned  IF  amplifier.  The 
mixer  output  signals  with  frequency  components  within  the  IF  passband  will  be 
amplified  by  the  IF  amplifier  and  subsequently  demodulated  by  the  2nd  detector 
stage.  For  the  receiver  shown  In  Fig.  1,  only  the  mixer  output  signals  with 
frequency  components  at  the  0.1  MHz  IF  frequency  would  be  so  processed  by  the  IF 
amplifier  and  2nd  detector  to  produce  an  output  response.  Clearly  the  receiver 
Is  structured  to  accept  a desired  Input  signal  with  an  RF  frequency  at  10 
MHz  and  to  produce  a desired  response  at  the  2nd  detector  output. 

Unfortunately  an  undesired  response  at  the  2nd  detector  output  can  also 
be  produced  by  two  undesired  signals  which  are  coupled  Into  the  RF  stage  as 
shown  In  Fig.  1.  If  two  receiver  Input  signals  have  frequencies  f|  and  f^ 
and  satisfy  the  condition  2fg  - f^  ■ 10  MHz  (or  the  condition  2fj  - f?  ■ 

10  MHz),  then  the  output  of  the  RF  stage  will  have  the  frequency  spectrum 
Illustrated  In  Fig.  2.  For  the  case  Illustrated  In  Fig.  1,  the  Input  signal 
frequencies  are  f^  ■ 9.0  MHz  and  f2  ■ 9.5  MHz.  The  signal  with  frequency 
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Fig.  I.  Block  Diagram  of  System 
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Fig.  2.  Resulting  Spectrum  at  the 
Output  of  the  RF  Amplifier 
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2f,  - f.  ■ 10  MHz  at  the  RF  amplifier  stage  output  Is  a 3rd  order  IMP 
generated  by  nonl Inearl  ties  In  the  RF  stage.  This  Interference  signal  will 
be  processed  by  the  mixer  stage,  IF  amplifier,  and  2nd  detector  In  exactly 
the  same  manner  as  a desired  signal  at  10  MHz.  The  result  will  be  an  un- 
desired 2nd  detector  output  caused  by  the  two  Interfering  signals  at  fre- 
quencies fj  and  f2  at  the  receiver  Input.  The  Important  point  Is  that  two 
Input  signals  with  frequencies  fj  and  f2  which  are  within  the  passband  of 
the  RF  stage  do  not  Individually  cause  an  Interference  problem  because  of 
the  selectivity  Imposed  by  the  mixer  - IF  amplifier  combination.  However,  the 
3rd  order  IMP  at  2f2  - f^  ■ 10  MHz  produced  by  nonl Inearl  ties  In  the  RF  ampli- 
fier stage  can  cause  an  Interference  problem. 

A clever  scheme  to  reduce  receiver  Interference  problems  caused  by  3rd 
order  IMP'S  has  been  proposed.  The  central  fecture  of  this  scheme  Is  to 
reduce  the  RF  amplifier  stage  3rd  order  IMP  output  term  by  altering  the  RF 
amplifier  out-of-band  response  at  frequencies  f2  - f^  and  2f2  (for  the  case 
Illustrated  In  Figs.  1 and  2 these  frequencies  are  0.5  MHz  and  19.0  MHz). 

A schematic  diagram  Illustrating  the  essential  features  of  this  3rd 
order  IMP  reduction  scheme  Is  given  In  Fig.  3.  The  original  RF  amplifier 
stage  Is  modified  by  adding  two  compensating  networks  designated  as  Y1  and 
Y3.  The  compensating  network  Y1  Is  connected  directly  across  the  input  ter- 
minals of  the  RF  amplifier  stage.  The  compensating  network  Y3  Is  connected 
between  the  RF  stage  output  terminal  and  Input  terminal.  Both  compensating 
networks  consist  entirely  of  passive  components.  Procedures  for  synthesizing 
the  compensating  networks  Y1  and  Y3  have  been  developed  by  K.  L.  Su  and  have 
been  reported  upon  previously.3’* 

Both  theoretical  and  analytical  results  Indicate  that  a substantial  reduc- 
tion In  the  3rd  order  IMP  term  at  the  RF  amplifier  output  can  be  obtained  by 
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connecting  the  appropriate  compensating  networks  Y1  and  Y3.  Thus  an 
experimental  Investigation  to  determine  what  reduction  In  3rd  order  IMP 
could  actually  be  obtained  In  the  laboratory  was  undertaken.  A basic  tuned 
RF  amplifier  stage  was  selected  for  the  Investigation.  The  stage  consisted 
of  a single  discrete  bipolar  junction  transistor  (BJT)  followed  by  a single 
parallel  L-C  filter  tuned  at  10.0  MHz  connected  to  a 50°  load  resistor.  The 
quality  factor  (Q)  of  the  tuned  circuit  was  selected  to  be  In  the  range  10 
to  20  so  that  the  bandpass  of  the  RF  amplifier  stage  would  be  In  the  range 
0.5  to  1.0  MHz.  The  two  Interfering  RF  signals  were  assigned  frequencies 
f1  * 9.0  MHz  and  f2  * 9.5  MHz  so  that  a 3rd  order  IMP  at  2f2  - • 10.0  MHz 

would  be  generated  by  nonl Inearl ties  In  the  BJT.  The  resulting  3rd  order  IMP 
at  10.0  MHz  was  measured  and  compared  to  values  calculated  using  the  Nonlinear 
Circuit  Analysis  Program  NCAP.^’^  The  next  step  Involved  the  design  of  the 
appropriate  compensating  networks  Y1  and  Y3  (by  K.  L.  Su).3’*  The  compensating 
networks  were  connected  as  shown  In  Fig.  3.  New  values  for  the  3rd  order 
IMP  term  at  10.0  MHz  were  measured  and  compared  to  values  calculated  by 
the  computer  program  NCAP.  The  experimental  and  calculated  values  for  the 
3rd  order  IMP  term  at  10.0  MHz  without  and  with  the  compensating  networks 
Y1  and  Y3  will  be  presented  and  discussed.  It  Is  appropriate  at  this  point  to 
comnent  that  little  reduction  In  the  3rd  order  IMP  at  10.0  MHz  was  obtained 
experimentally.  The  main  reasons  why  this  experimental  result  was  obtained 
will  be  discussed. 

This  report  Is  organized  In  the  following  manner.  In  Section  2 circuit 
models  for  the  RF  amplifier  stage  and  the  compensating  networks  Y1  and  Y3 
will  be  described  In  detail  for  two  reasons.  One  reason  Is  that  the  computer 
program  NCAP  requires  a detailed  circuit  model  In  order  to  calculate  nonlinear 
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terms  such  as  3rd  order  IMP'S.  Values  for  the  transistor  parameters  In  the 
NCAP  model  for  a BJT  are  required.  Also  needed  Is  an  accurate  linear 
model  for  the  passive  part  of  the  RF  amplifier  network  (which  Includes  the 
compensating  networks).  The  accuracy  of  the  nonlinear  terms  calculated  by  the 
computer  program  NCAP  depends  more  critically  upon  the  accuracy  of  the  linear 
network  model  than  upon  any  other  factor.  The  second  reason  for  describing 
In  Section  2 the  circuit  models  In  detail  Is  that  the  procedure  for  syn- 
thesizing the  values  of  the  components  In  the  compensating  networks  also  de- 
pends critically  upon  the  accuracy  of  the  linear  circuit  model.  In  Section 
3,  the  experimental  system  and  procedures  used  to  measure  3rd  order  IMP'S 
will  be  described.  A comparison  of  experimental  and  theoretical  results 
for  the  3rd  order  IMP's  with  and  without  the  compensating  networks  will  be 
given  In  Section  4.  A discussion  and  summary  of  results  Is  given  In  the 
last  section. 
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SECTION  2 

Modeling  of  RF  Amplifier  and  Compensating  Networks 

A technique  for  reducing  nonlinear  effects  In-band,  by  modifying  the 

12  3 4 

linear  out-of-band  response  has  been  developed  by  Su,  Weiner  and  Spina.  ’ * * 

To  determine  the  correlation  between  the  experimental  results  and  the 
simulation  results,  a circuit  model  must  be  developed.  This  model  will  be 

g 

used  by  the  Nonlinear  Circuit  Analysis  Program  (NCAP)  to  calculate  how  much 
reduction  In  nonlinear  effects  can  be  attained. 

The  first  step  was  designing  and  constructing  the  RF  amplifier.  An 
RCA  2N5109  RF  transistor  was  selected.  The  amplifier  Is  a single  stage  with 
a tuned  output  at  10  MHz.  Conventional  RF  design  criteria  were  followed 
In  constructing  the  amplifier.  Once  construction  was  completed  the  modeling 
phase  was  Initiated.  Figure  4 shows  the  circuit  to  be  modeled. 

NCAP  requires  a detailed  linear  circuit  model  for  the  RF  amplifier  and 
compensating  networks.  Since  the  transistor  Is  a nonlinear  device,  an 
accurate  model  for  It  Is  required  by  NCAP.  The  computer  program  NCAP 
has  such  a model  for  the  bipolar  junction  transistor  (BJT)  built  Into  Its 
code.  This  model  Is  known  as  the  "nonlinear  T"  model  and  Is  shown  In  Fig.  5. 

To  use  this  model,  sixteen  parameters  are  required  as  Input  data.  Values  for 
these  parameters  were  determined  using  techniques  previously  reported 
upon.5’®’®*^®  These  parameters,  their  descriptions  and  values  are  listed 
In  Table  I. 

NCAP  also  requires  a detailed  model  for  the  passive  linear  circuit.  Such 
a model  can  be  developed  by  comparing  experimental  and  calculated  results  for 
the  RF  amplifier  linear  transfer  functions.  The  experimental  system  Illustrated 
In  Figure  6 was  assembled  to  measure  the  linear  transfer  function  VTEST/VREF. 
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Experimental  results  for  the  magnitude  and  phase  of  VTEST/VREF  are  shown  In 
Figures  7 and  8.  Also  shown  In  these  figures  are  the  calculated  results  for 
VTEST/VREF  obtained  using  the  detailed  circuit  model  shown  In  Figure  9.  The 
detailed  circuit  model  Includes  many  parasitic  elements.  Why  these  elements 
must  be  Included  will  now  be  discussed. 

Values  for  VTEST/VREF  were  calculated  Initially  using  a circuit  model 
simpler  than  that  shown  In  Figure  9.  The  passive  linear  components  were 
modeled  Initially  as  they  appear  In  the  circuit  schematic  shown  In  Figure  4. 

With  the  circuit  data  taken  from  Figure  4 and  the  transistor  parameters 
taken  from  Table  I,  the  computer  program  NCAP  was  used  to  compute  the  linear 
transfer  function  VTEST/VREF.  The  comparison  between  the  Initial  calculated 
values  (which  are  not  shown)  and  the  experimental  values  for  the  magnitude 
of  VTEST/VREF  Indicated  significant  deviations,  l.e.  on  the  order  of  10  dB. 
Deviations  this  large  are  unacceptable  because  It  Is  extremely  Important  to 
have  the  data  for  the  linear  (first  order)  transfer  function  predicted  by 
NCAP  agree  with  the  measured  data. 

The  reason  for  this  Is  that  higher  order  transfer  functions  calculated  by 
NCAP  depend  on  the  values  calculated  for  all  lower  order  transfer  functions. 

If  the  linear  model  Is  not  accurate,  significant  errors  will  accrue  In  higher 
order  calculations. 

Since  the  measurement  system  was  calibrated.  It  accounted  for  no  more  than 
2%  of  the  deviation.  Thus  the  main  source  of  the  observed  deviations  was 
from  the  component  models  and  the  device  parameter  values. 

Re-evaluation  of  the  transistor  parameters  Indicates  several  deficiencies 
In  our  Initial  modeling.  First  consider  the  transistor  operating  temperature. 
Although  the  power  dissipation  (250  mW)  at  a bias  point  of  ■ 50  mA  and 
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TABLE  I 


NCAP  INPUT  PARAMETERS  FOR  2N5109  BIPOLAR  JUNCTION  TRANSISTOR 


PARAMETER 

VALUES  FOR  2N5109-2 

DESCRIPTION 

n 

6.0 

Avalanche  Exponent 

*CB<V> 

5.0 

DC  Collector-Base  Voltage 

vCBO^ 

40.0 

Collector-Base  Avalanche  Voltage 

li 

0.285 

Collector-Base  Capacitance  Exponent 

IC(A> 

50  x 10'3 

DC  Collector  Current 

WA> 

18  x 10 

DC  Collector  Current  at  Maximum  hpE 

a 

0.363 

hpE  Nonlinearity  Coefficient 

hFEmx 

84.6 

Maximum  Value  of  hpp 

K (F-V5) 

0.42  x 10‘12 

Collector-Base  Capacitance 

Scale  Factor 

n 

1.0 

Emitter-Base  Diode  Ideality  Factor 

cJe<F) 

10.0  x 10‘12 

Emitter-Base  Space  Charge  Capacitance 

C'd  (F/A) 

3.6  x 10'9 

Derivative  of  Emitter  Base  Diffusion 

Capacitance 

n>(n) 

15 

Base  Resistance 

rc(n) 

32.9  x 103 

Collector  Reslstnace 

C^F) 

0.1  x 10'12 

Emitter-Base  Extrinsic  Capacitance 

C3(F) 

0.056  x 10-12 

Collector-Base  Extrinsic  Capacitance 
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Linear  Transfer  Function 
Vjggj/Vpgp  (Magnitude) 

RF  Amplifier  2N5109-2 


— Calculated 
□ Experimental 


Frequency  (Hz) 

Fig.  7 Linear  Transfer  Function  VTEST  / VREF  (Mag.) 





Phase  of  Vjest 


Frequency  (Hz) 

Fig.  8.  Linear  Transfer  Function  ^rEST/VREF^Phase^ 
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Vc  ■ 5 V Is  not  excessive  for  this  device,  there  Is  a significant  amount  of 
heat  generated  by  the  device.  The  heating  effect  produces  a change  In  the  bias 
point  operating  temperature  which  causes  a change  In  hp^,  the  dc  short-circuit 
current  gain  of  the  transistor.  This  Is  remedied  by  making  the  appropriate 
adjustment  to  hpE  to  reflect  the  actual  device  operating  temperature  In  the 
circuit.  This  technique  Is  used  because  the  nonlinear  T model  used  In  NCAP 
does  not  account  for  thermal  effects.  Second,  the  calculated  values  for  the 
RF  amplifier  linear  transfer  function  are  quite  sensitive  to  the  values  of  the 
collector  resistance  (RC)  and  the  collector  base  capacitance  (CJC)  respectively 
because  these  elements  provide  an  Internal  feedback  path.  These  two  parameters 
affect  the  shape  and  magnitude  of  the  linear  transfer  function  In  the  frequency 
region  near  the  10  MHz  resonance  peak.  The  difficulty  In  obtaining  reliable 
and  accurate  parameter  values  for  RC  and  CJC  via  Independent  measurements 
stems  from  the  fact  that  they  are  connected  from  the  collector  to  the  Inter- 
nal base.  The  Internal  base  Is  an  Inaccessible  node.  Therefore,  measure- 
ments on  the  device  are  made  on  the  external  terminals  and  the  appropriate  data 
extrapolated.  Values  for  RC  and  CJC  were  adjusted  to  yield  good  agreement 
with  the  measured  linear  transfer  function.  The  adjusted  values  were  within 
30%  of  the  Initial  values  obtained  through  Independent  measurements.  However, 
there  was  still  a difference  of  5 dB  or  more  between  the  measured  and  cal- 
culated linear  transfer  function  at  several  points  within  the  frequency 
range  of  Interest.  There  was  also  additional  resonant  structure  In  the 
measured  linear  transfer  function  which  was  not  observed  In  the  calculated 
linear  transfer  function.  These  observations  Indicated  that  there  were 
Important  effects  still  not  accounted  for  In  the  circuit  model. 
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Surprisingly,  parasitic  effects  In  discrete  passive  components  are  Impor- 
tant factors  In  this  frequency  range  (.1  to  20  MHz).  A previous  paper 
by  Whalen  and  Paludl7  Indicates  which  parasitic  effects  are  Important  and  how 
to  obtain  model  parameter  values.  These  techniques  were  Implemented  In  this 
effort. 

The  Improved  linear  model  for  the  RF  amplifier  Is  Illustrated  In  Fig. 

9.  The  linear  transfer  function  calculated  by  NCAP  Is  plotted  In  Figs.  7 
and  8.  Relatively  good  agreement  between  the  NCAP  simulation  and  the 
measurement  Is  obtained  In  the  region  of  10  MHz.  A 2 dB  to  4 dB  difference 
In  magnitude  and  a 5°  to  40°  difference  In  phase  Is  observed  at  the  lower  and 
higher  frequencies.  The  parasitic  elements  In  the  emitter  path  to  ground. 

In  addition  to  CJC  and  RC  In  the  transistor  model,  affect  significantly  the 
magnitude  of  the  gain  In  the  10  MHz  region.  The  depth  and  width  of  the  null 
at  20  MHz  Is  controlled  by  the  parasitic  elements  In  the  collector  path  to 
ground.  Again,  parameter  values  for  the  parasitic  elements  were  adjusted  to 
obtain  relatively  good  agreement  between  NCAP  calculations  and  measured  data 
for  the  linear  transfer  function  VTEST/VREF. 

The  results  from  this  part  of  the  Investigation  are  used  as  input  data 
In  Su's  computational  techniques  previously  reported  upon.  Specifically, 
the  procedure  used  to  synthesize  the  compensating  networks  that  reduce  the 
RF  amplifier  third  order  IMP  Is  based  upon  the  model  for  the  RF  amplifier 
shown  In  Fig.  9.  The  compensating  networks  and  shown  schematically  In 
Figs.  12  and  10  respectively  were  synthesized  by  K.L.  Su. 

Compensating  network  Y^  Is  the  primary  network.  It  must  provide  two 
functions:  (1)  Isolation  so  that  the  In-band  response  at  10  MHz  Is  unaffected; 
(2)  compensation  so  that  the  out-of-band  responses  at  f?  - f^  ■ 0.5  MHz  and 
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2f^  * 19.0  MHz  are  modified  properly. 

Referring  to  Fig.  10,  the  parallel  combination  of  Lll  and  Cll  Is  tuned 
at  10  MHz  to  provide  the  Isolation  required  at  10  MHz.  An  Inductor  L21 
Is  added  and  adjusted  for  so  that  the  series  - parallel  combination  of  L21  with 
Lll  and  C11  has  a minimum  Impedance  at  19  MHz.  This  Is  necessary  so  that 
the  compensating  network  Impedance  at  19  MHz  Is  not  determined  by  the 
10  MHz  trap  Impedance  but  by  the  parallel  combination  of  L3H  and  R3H.  The 
parallel  combination  of  L31  and  C31  Is  tuned  at  19  MHz.  This  trap  blocks  the 
19  MHz  signal  and  allows  the  compensating  element  R3L  to  act  only  upon  the  low 
frequency  signal  at  0.5  MHz.  Conversely,  the  parallel  combination  of  L41 
and  C41,  tuned  at  0.5  MHz,  blocks  the  0.5  MHz  signal  and  allows  the  compen- 
sating elements  L3H  and  R3H  to  act  only  upon  the  high  frequency  signal  at  19 
MHz.  As  In  the  case  of  the  RF  amplifier,  a detailed  linear  model  Is  required 
by  NCAP.  Using  techniques  developed  by  Whalen  and  Paludl7,  a model  for  the 
compensating  network  Y was  developed.  It  Is  Illustrated  In  Fig.  11. 

Similarly,  the  compensating  network  Y^  was  developed  and  modeled.  The  results 
are  Illustrated  In  Figs.  12  and  13.  Briefly  the  compensating  network 
Y^  provides  a low  Impedance  at  2f^  - 19  MHz  and  a high  Impedance  path  at 
f 2 - f ^ * 0.5  MHz  and  2f^  - f^  ■ 10  MHz  as  well.  Also  added  to  the  basic  ampli- 
fier were  emitter  bypass  networks  tuned  to  provide  low  Impedance  paths  at 

the  frequencies  f - f - 0.5  MHz  and  2f„  ■ 19  MHz  to  reduce  the  effective 
2 1 2 

Impedance  from  emitter  to  ground.  These  are  Illustrated  In  Figs.  14  and  15. 
Without  the  emitter  bypass  networks  the  Impedance  Y , because  of  parasitic 
effects,  was  thought  to  be  too  large  at  0.5  and  19.0  MHz. 

At  this  point,  the  linear  modeling  phase  Is  complete.  NCAP  can  use 
these  data  to  compute  higher  order  (particularly  2nd  and  3rd)  nonlinear 
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transfer  functions.  Figure  16  shows  the  composite  model  used  for  this 
analysis.  Table  II  contains  the  results  of  such  calculations.  Note  that 
NCAP  predicts  a 20  dB  reduction  in  the  third  order  IMP  at2f2-  f = lo  MHz 
when  the  compensating  networks  are  connected.  No  additional  reduction  was 
obtained  by  using  the  emitter  bypass  networks.  Next  the  transfer  functions 
will  be  measured  and  compared  with  those  calculated  by  NCAP. 


el  of  Compensating  Network  Y, 


75  pF  . 

CLYI 

Figure  12.  Schematic  of 
Compensating 
Network  Y, 


75  pF 
CLYI 


Figure  13.  Model  of 

Compensating 
Network  Y, 
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Fig.  14.  Schematic  and  Model  of  Series  L-C 
Tuned  for  Minimum  Impedance  at 
0.5  MHz 


WWA 


75  pF 
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Rg.  15.  Schematic  and  Model  of  Series 

LC  Tuned  for  Minimum  Impedance 
at  19  MHz 


Fig.  16.  Composite  Model  of  RF  Amplifier 


TABLE  II 


The  basic  amplifier  with  compensating  networks  Y.  and  Y,  and  with  the  emitter  bypass  networks 


SECTION  3 


Experimental  System  and  Procedures 

In  this  section  the  experimental  system  and  procedures  used  to  measure 
the  nonlinear  transfer  functions  of  the  RF  amplifier  stage  discussed  In 
Section  2 will  be  described.  Typical  data  will  be  shown.  The  essential 
equations  which  relate  the  output  signals  to  the  Input  signals  via  the 
nonlinear  transfer  functions  will  also  be  given. 

To  measure  the  RF  amplifier  nonlinear  transfer  functions  a two  tone 
measurement  scheme  was  used5  . As  shown  schematically  In  Fig.  17,  CW 
sinusoidal  signals  at  frequencies  f^  * 9.0  MHz  and  f^  * 9.5  MHz  were 
applied  to  the  RF  amplifier  Input.  These  two  frequencies  were  selected  to 
obtain  a strong  third  order  IMP  at  the  frequency  2f?  - f1  ■ 10  MHz.  The 
resulting  RF  amplifier  power  spectrum  was  observed  on  a spectrum  analyzer. 

A line  drawing  from  a photograph  of  a typical  spectrum  analyzer  display  Is 
shown  In  Fig.  18.  The  basic  experimental  system  Is  quite  simple.  However,  It 
Is  necessary  to  take  several  precautions  In  order  to  ensure  that  the  higher 
order  (n  ■ 2 and  n * 3)  frequency  terms  observed  on  the  spectrum  analyzer 
display  were  a result  of  the  RF  amplifier  nonllnearltles  and  not  a result  of 
other  nonllnearltles.  The  precautions  taken  will  be  described  briefly. 

The  RF  signal  generators  used  to  produce  the  Input  signals  with  frequen- 
cies f^  ■ 9.0  MHz  and  f 2 ■ 9.5  MHz  also  produce  Input  signals  at  the  harmonic 
frequencies  2f  ^ , 2f^,  3f^ , 3fg,  etc.  Rejection  filters  tuned  to  the  fre- 
quencies 2f i , 2f^,  3fj  and  3f2  were  Inserted  between  the  signal  generators 
and  the  RF  amplifier  Input  In  order  to  reduce  these  unwanted  harmonics  to 
a level  80  dB  down  from  the  level  of  the  fundamental  signals  at  frequencies 
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fj  and  fg.  Effects  related  to  the  signal  generator  harmonics  at  2fy  2f^t 
3fj  and  3f?  were  made  negligible  by  using  these  rejection  filters. 

Nonlinear  responses  can  also  be  produced  In  the  spectrum  analyzer  itself 
If  any  of  the  Input  signals  to  the  spectrum  analyzer  exceed  -40  dBm  (the 
spectrum  analyzer  nonlinear  responses  are  less  than  -110  dBm  If  the  rms 
Input  signal  Is  less  than  -40  dBm).  The  RF  amplifier  outputs  at  f^  * 9.0  MHz 
and  f^  ■ 9.5  MHz  did  exceed  -40  dBm.  By  Inserting  a rejection  filter  tuned 
to  reject  signals  at  the  frequencies  f^  and  f^  between  the  RF  amplifier  output 
and  the  spectrum  analyzer  Input,  the  level  of  all  signals  at  the  spectrum 
analyzer  Input  can  be  kept  below  -40  dBm.  The  use  of  the  rejection  filter 
shown  In  Fig.  17  was  necessary  to  make  the  spectrum  analyzer  behave  as 
a linear  receiver.  It  was  verified  that  the  spectrum  analyzer  behaved  as 
a linear  receiver  by  observing  that  a 10  dB  change  In  the  spectrum  analyzer 
RF  attenuator  caused  a 10  dB  change  In  all  signals  displayed  on  the  spectrum 
analyzer. 

Additional  checks  were  performed  to  verify  that  the  measurement  system 
was  performing  properly.  The  RF  signal  generator  attenuators  were  changed 
by  5 dB  and  the  resulting  change  In  the  signal  levels  displayed  on  the 
spectrum  analyzer  was  observed.  The  expected  relationships  between  the  signal 
levels  displayed  on  the  spectrum  analyzer  and  the  Input  signal  levels  are 
given  In  Table  III.  Upon  examining  Table  III  It  Is  observed  that  a RF  ampli- 
fier output  voltage  amplitude  at  a frequency  rfj  ♦ sf2  Is  proportional  to 
the  product  (Ajj‘)  . (A*)  where  A^  and  A2  are  the  RF  Thevenln  equivalent  voltage 
amplitudes  at  the  RF  amplifier  Input. 

A 5 dB  change  In  the  f^  signal  generator  attenuator  produces  a 5 dB 
change  In  A^,  a 10  dB  change  In  A^,  a 15  dB  change  In  A^,  etc.  Thus  the 
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output  voltages  which  depend  upon  (such  as  output  signals  at  frequencies, 

2f-|  - 2f^,  2f^  + f 2)  should  change  by  10  dB.  The  output  voltages  which 

depend  upon  (such  as  the  output  signal  at  the  frequency  3f ^ ) should  change 
by  15  dB.  Similar  results  should  be  obtained  when  the  f^  signal  generator 
attenuator  Is  changed  by  5 dB.  The  output  voltage  levels  which  depend 
upon  Ag,  A^,  and  A^  should  change  by  5,  10,  and  15  dB  respectively.  When 
the  f1  and  f?  signal  generator  attenuators  were  changed  by  + 5 dB,  the 
corresponding  changes  In  the  RF  amplifier  output  as  displayed  on  the  spectrum 
analyzer  were  as  expected  within  + 1 dB.  These  checks  established  that  the 
dominant  nonl Inearl ties  were  In  the  RF  amplifier  stage. 

As  discussed  previously  In  Section  I the  main  objective  of  this  experi- 
mental Investigation  was  to  determine  If  the  compensating  networks  Y1  and  Y3 
would  cause  a reduction  In  the  3rd  order  IMP  at  2f2  - f^  ■ 10  MHz.  The  compen- 
sating networks  Y1  and  Y3  were  connected  as  shown  In  Fig.  3.  The  compen- 
sating networks  contained  several  adjustable  resistors  and  Inductors.  The 
values  of  the  adjustable  components  were  varied  + 25%  about  the  nominal  (ori- 
ginal) design  value.  No  significant  change  In  RF  amplifier  output  voltage 
component  at  2fg  - f ^ “10  MHz  was  observed  on  the  spectrum  analyzer.  Addi- 
tional emitter  bypass  networks  which  were  series  resonant  circuits  tuned 
at  fg  - ^ ■ 0.5  MHz  and  2f^  ■ 19  MHz  were  connected  from  the  emitter 
of  the  2N5109  BJT  to  ground  In  order  to  Improve  the  RF  ground  connection  to 
the  emitter  at  these  frequencies.  The  combination  of  the  emitter  bypass 
networks  and  compensating  networks  did  not  produce  a significant  change  In 
the  3rd  order  IMP  at  2f^  - f ^ -10  MHz.  A discussion  of  the  results 
observed  will  be  given  In  Section  V. 


Using  the  equations  given  In  Table  III  and  the  data  contained  In  a 
spectrum  analyzer  display  such  as  that  shown  In  Fig.  18,  the  RF  amplifier 
nonlinear  transfer  functions  were  determined.  In  Appendix  A1 , an  example 
Is  presented  to  Illustrate  how  values  for  the  nonlinear  transfer  fucntlons 
are  determined  so  that  the  experimental  values  can  be  compared  directly  to 
values  calculated  using  the  computer  program  NCAP.  In  the  next  section  a 
summary  of  experimental  values  and  NCAP  values  for  many  of  the  RF  amplifier 
nonlinear  transfer  functions  will  be  given. 
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SECTION  4 


Experimental  and  Calculated  Values  for  the 
RF  Amplifier  Nonlinear  Transfer  Functions 

In  this  section  a comparison  will  be  made  between  values  for  the  RF 
amplifier  nonlinear  transfer  functions  measured  In  the  laboratory  and  those 
calculated  using  the  computer  program  NCAP.  The  experimental  results  were 
obtained  using  the  procedures  described  In  Section  3.  The  calculated 
results  were  obtained  using  the  procedures  described  In  Section  2.  Results 
for  four  cases  will  be  presented.  The  first  two  cases  are  the  RF  amplifier 
without  the  emitter  bypass  networks  with  and  without  the  compensating  net- 
works. (As  discussed  In  Section  2 the  purpose  of  the  emitter  bypass  networks 
Is  to  provide  a better  RF  ground  connection  at  the  frequencies  f2  - f^  and 
2f?  to  the  emitter  terminal  of  the  BOT  In  the  RF  amplifier.)  The  remaining 
two  cases  are  the  RF  amplifier  with  the  emitter  bypass  networks,  with  and 
without  the  compensating  networks. 

Given  In  Table  IV  are  the  experimental  and  calculated  values  for  the  RF 
amplifier  nonlinear  transfer  functions  when  the  emitter  bypass  networks 
are  omitted.  Results  are  presented  for  the  basic  amplifier  without  the 
compensating  networks  connected  and  with  the  compensating  networks  connected. 
Of  particular  Interest  to  us  are  the  experimental  and  calculated  values 
for  the  3rd  order  transfer  function  H3(-fj ,f2,f2)  where  2f2  - fj  ■ 10  MHz. 
These  results  are  given  by  the  bottom  row  of  Table  IV.  First  we  note  that 
the  NCAP  results  for  H3(-f1 ,f2,f2)  are  +48  dB  without  the  compensating 
networks  and  +29  dB  with  the  compensating  networks.  Thus  NCAP  predicts 
a very  significant  19  dB  reduction  In  this  3rd  order  IMP  when  the  compen- 
sating networks  are  connected.  Next  we  note  that  the  experimental  results 
for  H3 ( -f i • f 2 • f 2 ) are  +39  dB  without  the  compensating  networks  and  +32  dB 
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with  the  compensating  networks.  Thus  the  experiment  yielded  only  a 7 dB 
reduction  In  this  3rd  order  IMP.  Furthermore,  as  stated  In  Section  3, 
when  the  compensating  network  component  values  were  varied  (approximately 
* 25*  about  the  original  design  values),  no  variation  In  the  3rd  order  IMP 
at  2f2  - fj  ■ 10  MHz  was  observed.  Therefore,  the  7 dB  reduction  In  3rd 
order  IMP  observed  experimentally  Is  not  claimed  as  evidence  that  the  compen- 
sating networks  performed  as  expected. 

Upon  examining  Table  IV  an  8 to  10  dB  discrepancy  Is  seen  to  exist  be- 
tween the  calculated  and  experimental  values  for  the  2nd  order  transfer 
function  Hg( "f i »f2)  at  f2  - fi  ■ 0.5  MHz  without  (and  with)  the  compensa- 
ting networks.  This  discrepancy  Is  believed  to  be  significant  because  2nd 
order  transfer  functions  are  Important  terms  In  a theoretical  expression  for 
one  of  the  third  order  current  generators,  Ie3(-fi»f2^2)»  which  determines  the 
output  nonlinear  transfer  function  H3(-f -j ,f2,f2) . Rewriting  Eq.  (3.11) 
from  Su's  report,  the  third  order  current  generator  Ie3(-f-| .fg*^)  *s  given 

• -292/3  CVbl(-f,)Vb2(f2,f2) 

*2Vb,(f2)Vb2(-f,,f2» 

-93Vbl<-fl>Vbl<f2>  <«•» 

where  g2  and  g3  are  coefficients  related  to  the  base-emitter  nonlinearity, 

Vfai (f i ) 1*  the  first  order  (linear)  Internal  base  node  transfer  function  evaluated 

at  the  frequency  f^,  and  Vfe2(f i ) the  second  order  (nonlinear)  Internal  base 

node  transfer  function  evaluated  at  the  frequency  f^  ♦ f^.  The  purpose  of  the 

compensating  networks  Is  to  make  the  current  generator  I#3(-f^ .f^.f^)  as  small 

as  possible  by  modifying  the  second  order  transfer  functions  V.  „(f„,f J and 

DC  C C 

Vfa2 ( ~^i »^2) • design  of  the  compensating  networks  Is  based  upon  calculated 
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values  for  first  order  and  second  order  transfer  functions.  The  8 to  10  dB 
discrepancy  between  experimental  and  calculated  values  for  the  output  second 


order  transfer  function  Hgf-fj  (w-,thout  the  compensating  networks)  Indicates 
that  the  calculated  value  for  the  Internal  node  second  order  transfer  function 
Vb2*’W  Is  In  error  also.  The  accuracy  of  the  calculated  values  for 
H2(-fi  ,f2)  and  H2(f2,f2)  depend  upon  several  factors.  This  subject  will  be 
discussed  In  the  next  chapter. 

Shown  In  Table  V are  the  experimental  and  calculated  results  for  the 
RF  amplifier  nonlinear  transfer  functions  when  the  emitter  bypass  networks 
are  Included.  Results  are  presented  for  the  basic  amplifier  without  the 
compensating  networks  connected  and  with  the  compensating  networks  connected. 

One  effect  of  the  emitter  bypass  networks  was  to  Improve  the  agreement 
between  the  calculated  value  (-16  dB)  and  the  experimental  value  (-13  dB) 
for  H2(-f<|.f2)  for  the  RF  amplifier  without  the  compensating  networks  con- 
nected. As  a result,  the  calculated  values  for  the  four  transfer  functions 

H1  (fl ) * hi^2^’  H2^1’^  and  H2^2,f2^  agree  w',th',n  3 to  4 dB  with  the 
experimental  values  for  the  RF  amplifier  without  the  compensating  networks 
connected . 

Again  NCAF  predicts  a 20  dB  Improvement  In  the  3rd  order  transfer  function 
H^(-f^ ,f2,f2)  when  the  compensating  networks  are  connected.  However,  the 
experiment  yielded  no  significant  change  In  this  3rd  order  IMP. 

In  the  next  section  some  probable  causes  for  the  observed  experimental 
results  will  be  given. 
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SECTION  5 


CONCLUSIONS 

In  this  report  we  describe  an  experimental  Investigation  to  determine  If 

a procedure  previously  reported  upon  for  reducing  third  order  IMP'S  In  RF 

1 -4 

amplifier  stages  could  be  Implemented  In  the  laboratory.  The  third-order 
IMP  reduction  procedure  Is  based  upon  altering  the  RF  amplifier  linear  out-of- 
band  response  by  adding  passive  compensating  networks.  A RF  amplifier  stage 
tuned  at  10  MHz  was  selected  for  the  experiment.  The  RF  amplifier  was  excited 
by  two  CW  signals  at  frequencies  fj  ■ 9.0  MHz  and  f2  * 9.5  MHz  In  order  to 
obtain  a third  order  IMP  at  the  frequency  2f2  - f-j  * 10  MHz.  The  objective 
of  the  experiment  was  to  determine  If  a significant  reduction  (more  than 
20  dB)  In  this  third  order  IMP  could  be  obtained  by  connecting  properly 
designed  compensating  networks  to  the  basic  RF  amplifier  stage. 

The  most  Important  step  In  the  Investigation  and  the  one  which  required 
the  most  effort  was  to  develop  an  accurate  linear  model  for  the  basic  RF 
amplifier  stage  over  a frequency  range  f2  - f-j  (0.5  MHz)  to  2f2  (19  MHz). 

The  linear  model  was  developed  by  comparing  measured  and  calculated  values 
for  the  magnitude  and  phase  of  the  basic  RF  amplifier  linear  (first  order) 
transfer  function  VTEST/VREF.  By  accounting  for  some  of  the  parasitic  effects 
associated  with  the  passive  components  (resistors.  Inductors,  and  capacitors). 
It  was  possible  to  develop  a linear  model  for  the  basic  RF  amplifier  that 
yielded  calculated  values  for  VTEST/VREF  In  fair  agreement  with  the  measured 
values.  Over  the  frequency  range  f2  - f^  to  2f2  the  largest  deviation  be- 
tween calculated  and  measured  values  was  4 dB  for  the  magnitude  of  VTEST/VREF 
and  40*  for  the  phase  of  VTEST/VREF.  It  Is  Interesting  to  note  that  the 
largest  deviations  between  calculated  and  measured  values  for  the  magnitude 
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and  phase  of  VTEST/VREF  occurred  near  the  frequency  f - f^  ■ 0.5  MHz.  An 
accurate  linear  model  for  the  basic  RF  amplifier  stage  Is  needed  for  two 
reasons.  One  reason  Is  that  the  Nonlinear  Circuit  Analysis  Program  NCAP  used 
to  calculate  the  RF  amplifier  third  order  IMP  requires  an  accurate  linear  model 
In  order  to  obtain  accurate  numerical  results  for  the  third  order  IMP.  The 
second  reason  Is  that  the  synthesis  procedure  used  to  calculate  values  for  the 
components  used  In  the  compensating  networks  depends  critically  upon  the  accuracy 
of  the  linear  model  developed  for  the  basic  RF  amplifier  stage. 

Using  the  linear  model  for  the  basic  RF  amplifier  described  In  Section  2, 
compensating  networks  were  synthesized.  When  the  compensating  networks 
were  connected  to  the  basic  RF  amplifier  stage  the  computer  program  NCAP 
predicted  that  a 20  dB  reduction  would  result  In  the  value  for  the  third 
order  IMP  at  2f^  - fj  * 10  MHz.  When  the  compensating  networks  were  connected 
to  the  basic  RF  amplifier  stage  In  the  laboratory,  little  (If  any)  reduction 
In  the  third  order  IMP  at  2f2  - f^  ■ 10  MHz  was  observed  experimentally.  The 
Important  compensating  network  component  values  were  varied  approximately 
+ 25*  about  the  nominal  design  values.  Again  no  significant  reduction  In  the 
third  order  IMP  at  2f?  - f^  « 10  MHz  was  observed  experimentally. 

The  main  reason  why  the  third  order  IMP  reduction  scheme  Investigated 
did  not  yield  the  20  dB  reduction  predicted  by  NCAP  appears  to  be  that  the 
synthesis  procedure  used  to  determine  the  compensating  network  component 
values  depends  critically  upon  the  accuracy  of  the  linear  model  developed 
for  the  basic  RF  amplifier  stage.  Although  the  linear  model  developed  Is 
sufficiently  accurate  to  determine  linear  (first  order)  and  nonlinear  (second, 
third,  and  higher  order)  transfer  functions  of  the  RF  amplifier  for  most 
purposes,  It  Is  not  accurate  enough  to  be  a basis  for  synthesizing  compen- 
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sating  network  component  values.  An  estimate  of  the  accuracy  required  can  be 
obtained  by  viewing  the  third  order  IMP  reduction  scheme  as  a cancellation 
scheme  In  which  the  compensating  networks  produce  a signal  VCN  at  the  third 
order  frequency  2f2  - fj  which  cancels  a basic  amplifier  signal  Vg^  at  that 
frequency.  To  obtain  a 20  dB  reduction,  the  difference  Vg^  - V^N  must 
be  0.1  X Vg^  . Thus  the  signal  V^N  must  match  the  signal  In  amplitude 
with  + 10%  (0.9  dB)  and  In  phase  + 6°.  The  requirements  on  the  accuracy 
required  for  the  first  order  (linear)  transfer  function  appear  to  be  three 
times  as  stringent  as  that  required  for  the  third  order  signals  VgA  and  VCN 
This  suggests  that  a linear  model  for  the  basic  amplifier  stage  must  be 
developed  that  predicts  the  basic  amplifier  magnitude  response  within  + 

0.3  dB  and  phase  response  within  + 2°  over  the  frequency  range  f2  - fj  to 
2f2-  If  these  estimates  on  the  accuracy  requirements  for  the  linear  model 
are  correct,  then  either  our  modeling  capability  must  be  Improved  signifi- 
cantly or  an  alternate  procedure  for  synthesizing  the  component  values  In 
the  compensating  network  must  be  devised. 

A procedure  for  synthesizing  the  compensating  network  component  values 
which  was  based  directly  upon  experimental  values  for  the  basic  amplifier 
transfer  functions  would  be  very  useful.  The  need  to  develop  an  accurate 
linear  model  for  the  basic  amplifier  stage  would  be  eliminated.  This  alter- 
nate approach  Is  suggested  by  a procedure  used  to  predict  the  stability  of 
feedback  amplifiers.  The  measured  amplitude  and  phase  responses  of  the  basic 
amplifier  and  the  feedback  network  can  be  used  to  predict  the  stability  of 
the  amplifier  and  feedback  network  combination.  Although  It  Is  not  obvious 
how  a compensating  network  synthesis  procedure  based  upon  measured  transfer 
functions  could  actually  be  developed.  If  such  a procedure  could  be  developed 
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It  would  appear  to  be  useful  not  only  for  single-stage  RF  amplifiers  but 
also  for  multi-stage  RF  amplifiers. 


If  the  design  of  the  compensating  networks  must  be  based  upon  a linear 
model  for  the  basic  RF  amplifier,  then  a significant  Increase  In  model 
accuracy  appears  required.  In  particular  a significant  Improvement  In 
models  for  the  passive  components  such  as  resistors,  capacitors,  and  Inductors 
In  the  basic  RF  amplifier  stage  must  be  achieved.7  The  parasitic  elements 
such  as  lead  Inductance,  fringing  capacitance,  and  series  and/or  shunt 
resistance  must  be  modeled  orefully  and  accurately  over  the  broad  frequency 
range  f^  - f^  to  Zf^.  (This  frequency  range  will  typically  be  five  or  more 
octaves.)  An  effort  to  develop  models  for  passive  components  that  accurately 
account  for  parasitic  effects  In  the  range  1 MHz  to  1 GHz  Is  planned.  In 
addition  It  may  also  be  necessary  to  model  Printed  Circuit  Board  (PCB) 
wiring  effects  such  as  distributed  capacitance  and  Inductance  In  a two  wire 
system  and  mutual  capacitances  and  Inductances  In  a multi-wire  system.  For 
example,  in  a two-wire  system  the  delay  between  signal  output  and  Input  Is 
approximately  .05  nsec/cm  which  causes  a phase  lag  of  0.018°/cm/MHz.  The 
phase  delay  In  a PCB  path  30  cm  long  (which  corresponds  to  the  path  length 
of  the  compensating  network)  at  20  MHz  would  be  10.8°  which  appears  to  be 


significant.  Extensive  studies  on  the  mutual  capacitances  and  Inductances 

12 

of  multi-conductor  systems  have  been  carried  out  and  reported  upon  by  Paul. 


These  results  should  be  put  Into  a form  suitable  for  use  with  the  Nonlinear 


Circuit  Analysis  Program  NCAP.  Both  lumped  circuit  models  and  transmission 

line  models  are  needed.  An  effort  to  develop  such  models  Is  planned.  When 

Improved  modeling  techniques  have  been  developed  that  account  accurately  for 

parasitic  effects  In  passive  components  over  the  frequency  range  1 to  1000 

MHz  and  for  the  distributed  effects  associated  with  multi -conductor  PCB 
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wiring.  It  would  be  appropriate  to  synthesize  new  passive  compensating  net- 
works that  reduce  third  order  IMP'S  In  the  RF  amplifier  stage  and  to  make 
another  attempt  to  determine  how  well  the  new  networks  perform  experimentally. 


APPENDIX  A1 


Determining  Experimental  Values  for  the 
RF  Amplifier  Nonlinear  Transfer  Functions 

In  this  appendix  an  example  will  be  presented  to  demonstrate  how 
experimental  values  for  the  RF  amplifier  nonlinear  transfer  functions  are 
determined  so  that  the  experimental  values  can  be  compared  directly  to  the 
values  calculated  by  the  computer  program  NCAP.  As  an  example,  the  experi- 
mental value  for  H.j(-f^ .fg.^)  ca^cu^a^*  The  computer  program 

NCAP  calculates  nonlinear  transfer  function  values  for  the  simplified  circuit 
shown  In  Fig.  Al. 

Upon  comparing  Fig.  Al  to  the  schematic  of  the  experimental  system  shown 
In  Fig.  17,  It  Is  observed  that  the  attenuators  and  rejection  filters  be- 
tween the  RF  amplifier  output  and  the  spectrum  analyzer  output  are  omitted  In 

the  NCAP  analysis.  The  Insertion  loss  L If)  of  the  attenuators  and 

o 

rejection  filter  between  RF  amplifier  output  and  spectrum  analyzer  Input  was 
measured  at  each  frequency  f of  Interest.  For  example,  at  the  3rd  order  IMP 
frequency  2f,  - f.  ■ 10  MHz,  the  L value  was  35  dB.  The  L value  Is  added  to 
the  spectrum  analyzer  power  reading  (-71  dBm  at  10  MHz)  to  obtain  the  RF  power 
PQ  (-36  dBm  at  10  MHz)  that  would  be  delivered  to  a 50  ohm  load  resistor  at  the 
RF  amplifier  output.  Using  the  expression  Pq  ■ V^/2RL»  a value  for  the  RF 
amplifier  output  voltage  Vm(-46  dBV  at  10  MHz)  was  determined.  Next,  values 
for  the  RF  amplifier  Thevenln  equivalent  source  amplitudes  and  A?  were 
determined  by  connecting  the  RF  amplifier  Input  signal  cable  directly  to  the 
spectrum  analyzer  which  had  a 50  ohm  Input  Impedance.  The  Input  power  P^(^) 
and  were  measured.  The  Input  voltage  amplitudes  A^  and  A^  were  calcu- 

lated using  the  expressions  P^)  ■ A*/8Rs  and  P^(f2)  “ A2/8RS  *here  Rs*  50  ohms* 
The  values  measured  were  P^  ■ -22  dBm  at  f^  ■ 9.0  MHz  and  • 9.5  MHz.  The 
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Fig.  Al.  Basic  Circuit  Configuration 
Analyzed  by  the  Computer  Program 
NGAR  The  Frequency  f = rf,+  sf2  where 
r and  s take  on  integer  values  0,1, 2, 3, 


values  calculated  for  A-j  and  A2  were  -26  dBV. 

Next  the  nonlinear  transfer  function  of  Interest  Is  calculated  using 
the  appropriate  equation  from  Table  III  In  Section  3.  Since  In  this 
example  the  nonlinear  transfer  function  H3(-f<| ,f2,f2)  Is  being  calculated. 
Equation  (8)  of  Table  III  Is  re-written  as 

20  log1Q  H3  (-frf2.f2)  - 20  log10  Vm  (2f2  - f,)  - 20  log10  (3/4) 

- 20  log1Q  Ai  - 40  log10  A2  (A.l) 

Using  (2f2  - f^)  * -46  dBV  and  A-j  (f^)  ■ A2  (f2)  * -26  dBV,  a value 
H3  (-f-j,f2,f2)  * +34.5  dB  was  obtained.  Values  for  the  other  nonlinear  transfer 
functions  were  calculated  In  a similar  manner. 
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